Abstract. The effects of adhesive layer thickness and drug loading on estradiol crystallization were studied in a drug-in-adhesive patch. Patches containing different estradiol loadings (1.1% and 1.6% w/w) in different thicknesses (45, 60, and 90 μm) were prepared by coating of a homogenous mixture of adhesive solution and the drug on a siliconized release liner by a film applicator. After drying, the film was laminated on a Poly(ethylene terephthalate) backing layer and cut into appropriate size. Release tests were performed using thermostated Chien-type diffusion cells. Cross-section of the patches was observed by optical microscopy. Scanning electron microscopy was done for surface analysis of the patches after drug release test. Crystal formation was not expected in the adhesive layer based on the linear free-energy relationship formalisms however; crystalline regions were observed in different locations through the thickness of the patches. These regions were significantly more discontinuous in 45 μm samples which elucidated the effective role of adhesive layer thickness in drug crystallization. Extensive crystallization observed for thicker patches was attributed to the strong crosslinking capability of estradiol hemihydrate. Drug release study confirmed some of the crystallization results. No significant increase was observed in the burst release with increasing in thickness from 45 to 60 μm which can be attributed to the severe increase in the crystallization extent. Also, formation of a crystalline layer near the releasing surface and more discontinuous pattern of the crystals in some samples was confirmed by investigation of the drug release curves.
INTRODUCTION
Pressure sensitive adhesives (PSAs) are commonly used in a variety of applications including transdermal drug delivery systems (TDDSs) (1, 2) . The important advantages of TDDSs are the avoidance of first-pass metabolism, ease of application and withdrawal (in the case of side effects), and better patient compliance (3) . The efficacy of estrogen replacement therapy is well established in the treatment of postmenopausal complications in women. Administration of 17-β estradiol ( Fig. 1) sex steroid is the first choice in this regard which also protects against increasing risk of osteoporosis or cardiovascular disease (4) . Currently, most of the commercially available estradiol patches are drug-in-adhesive matrix-type in which the adhesive is sandwiched between a backing layer and a release liner film. Drug-in-adhesive systems exhibit efficient utilization of size because they combine the functions of skin adhesion and controlled drug delivery simultaneously in a single layer (3) .
Increasing estradiol concentration in the initial adhesive solution or dried adhesive layer causes increased flux of the drug through human skin (5, 6) . However, crystallization of the initially dissolved drugs may also be occurred during the storage period of a supersaturated system which is not a rare case. Nucleation is often regarded as a decisive step in crystallization process and the number of molecules necessary to achieve a nucleating cluster is inversely proportional to the degree of supersaturation (7) . Estradiol has a pronounced tendency for crystallization (8) and its crystallization in acrylic adhesives has been reported both after evaporation of the adhesive solvents during the drying stage of process (6) or storage period (8) (9) (10) . It should be noted that the most characteristic property of estradiol is its tendency to adopt the hemihydrated form (Fig. 2) , which it precipitates in this state, not only from partially aqueous solutions, but also from ethyl acetate, chloroform, absolute ethanol, and other anhydrous solvents (11) . However, the effect of adhesive layer thickness on the crystallization phenomenon has not been investigated yet.
Here, the effect of adhesive layer thickness and drug loading on the estradiol crystallization in a PSA based on an acrylate-vinyl acetate copolymer will be discussed. Some of the results related to estradiol crystallization were confirmed by investigation of drug release curves.
MATERIALS AND METHODS

17-β Estradiol (United States Pharmacopoeia (USP)
XXIII grade) was supplied by Medichem (Guangdong, China).
Duro-Tak 87-2196 i.e., a self-curing medical grade adhesive; was purchased from National Starch and Chemical Co. (Manchester, UK). It was based on acrylate-vinyl acetate dissolved (45% solid content) in a mixture of organic solvents. Poly(ethylene terephthalate; PET) and one-side siliconized PET films were both kind gifts from Daroupat Shargh Co. (Tehran, Iran) and Perlen Converting AG (Perlen, Switzerland); respectively. High-performance liquid chromatography (HPLC) grade acetonitrile and USP grade propylene glycol (PG) were both from Merck Chemicals (Darmstadt, Germany).
Fabrication Process
The acrylic adhesive solution with a predetermined solid content (prior to each batch) was mixed with the drug in different weight ratios to satisfy final loading of 1.1% or 1.6% w/w of estradiol in the finally dried thin film. Mixing was performed in a rotary mixer until a clear solution was obtained.
The mixed solutions were cast on one-side siliconized PET films, as release liners, by a film applicator (BYK-Gardner, Wesel, Germany) with 5.1 cm application width and adjustable in ±5 μm thickness intervals. The adhesive-coated films were left at room temperature for about 10 min and then oven-dried at 65°C for at least 20 min to remove any residual organic solvents. The dried films were laminated on PET backing layers using a 4.5-lbs roller. The patches were cut into pieces with surface area of about 9 cm 2 .
Drug Release Studies
A set of side-by-side Chien-type diffusion cells (Permegear Co., Hellertown, USA) comprising a donor and receptor compartment equipped with magnetic-stirrer bar and jacket for water circulation was used in the release experiments (Fig. 3) . After removal of the release liner, each of the patches was mounted between two half-cells with the drug-releasing surface facing the receptor half-cell which contained 3 mL of PG solution (40% v/v in distilled water) as the receptor solution so each compartment was used as an independent receptor compartment with a transdermal patch adhered on the orifice as the donor. All the studies were carried out at 37°C. At predetermined time intervals, 1 mL aliquot was withdrawn and replaced with the same volume of the fresh release medium. A sample aliquot collection times was 0.5, 1, 2, 4, 23, 27, 30, 49, 51, and 54 h.
Analytical Procedure
HPLC technique was used in determination of drug concentration in the withdrawn aliquots. The equipment was Table I .
Microscopic Observations
Optical microscopy through the thickness of the adhesive layer was done by a Zeiss-Neophot 32 microscope (Oberkochen, Germany) equipped with a Vickers microhardness tester. Small pieces of the patches were cut and adhered from their cross-section side on the glass lamellas by a double-coated PSA.
The patches were separated from diffusion chambers (after 9 h drug release) and dried thoroughly. SEM analysis was performed on the surface of these dried patches using a Cambridge S360 Scanning Electron Microscope (Cambridge, UK) equipped with an image analyzing system (AnalySIS, SIS Software GmbH, Muenster, Germany).
Statistical Analysis
Statistical analysis was performed using MiniTab software (Release 11.12, Minitab Inc., State College, PA, USA). Data were reported as mean ± standard deviation at significance level of p<0.05. Outliers were rejected during data processing using the T procedure (13) . Differences between groups were analyzed using one-way analyses of variance and considered statistically significant when the p value was less than 0.05.
RESULTS
Crystallization
Distribution pattern for estradiol crystals throughout the polymeric adhesive matrix cross-section was checked out microscopically. Optical micrographs of adhesive layer crosssection for patches containing 1.1% and 1.6% (w/w) of estradiol in different thicknesses are shown in Fig. 4 . Two micrographs from different samples of each patch crosssection are shown except for one of the samples (i.e., 1.1% w/w drug loading and of 90 μm thickness) which was examined just once. Some inclusions could be observed throughout the adhesive layer thickness about 2 or 6 days after preparation of the patches. The micrographs depicted in Fig. 4 are the results of optical microscopy after 6 days.
Relatively large surface area of the inclusions especially for the thicker patches can be observed in Fig. 4 . Surface morphology of the different samples, after performing of drug release experiment for about 9 h and drying them, was studied by SEM (Fig. 5) . There are some pores on the surface of 45 μm patches in different loadings which can be attributed to the more discontinuous crystalline regions formed near the releasing surface of 45 μm patches.
Variankaval et al. observed that estradiol crystals were formed near the center of the patch thickness (9) . Simulation results supported that crystal growth is limited to the middle third of the thickness (14) . However, the crystallization position and its continuity were not similar in the different thicknesses according to our findings (Fig. 1) . The crystalline regions were observed near the middle of adhesive layer thickness in the most samples including patches of 60 μm (drug loading=1.1% w/w) and 90 μm (drug loading=1.1% and 1.6% w/w) thickness. However, these regions were observed both near the releasing surface (left side) and near the opposite side (backing layer side) for 60 μm patches containing 1.6% (w/w) of estradiol.
Release
A biphasic release profile was observed for different samples; comprising an initial burst followed by a constant and steady release as shown in Figs. 6 and 7. The released amount of the active agent at the late times (i.e., at constant release phase after≈20 h) was increased with increasing in thickness. There was a linear relationship between the cumulative amount released per surface area and squareroot-of-time at the late times for all samples (results not shown) which elucidates that a Higuchi model governs estradiol release from matrix. The amounts of estradiol released at initial burst phase were increased with increasing in the sample thickness from 45 to 90 or 60 to 90 μm at different loadings as shown in Fig. 8 . However, no significant increase (p≤0.172 for 1.1% loading and p≤0.23 for 1.6% loading) in the amount of drug released at burst phase was observed with increasing of thickness from 45 to 60 μm. It was also shown that changing drug loading from 1.1% to 1.6% (w/w) had no statistically significant (p≤0.57, 0.14, and 0.268 for 45, 60, and 90 μm samples, respectively) effect on the burst amount in all thicknesses. Precise consideration of the burst release results elucidates that the amount released initially (after 0.5 h) for 60 μm patches with estradiol loading of 1.1% w/w (130.18 μg) was largely higher than what obtained for 1.6% w/w patches (79.75 μg). There was no significant difference between the amount released initially (after 0.5 h) from 60 and 90 μm patches with the same content of estradiol (1.1% w/w). At the late times, the release rate was increased for all of the patches with increasing of the thickness and drug loading (Table II) .
DISCUSSION
Estradiol has a pronounced tendency to crystallize (8) in polymeric matrices in the absence of anti-nucleating agents. The amorphous form of estradiol is highly unstable and rapidly crystallizes if left exposed to air (9) . Estradiol should be cooled rapidly from high temperatures to form amorphous state and immediately used to minimize crystallization (15) . In this research, the crystalline state of estradiol was mixed with an acrylic adhesive solution and no specific condition was adopted to turn the drug into its amorphous state during the process of patch fabrication. It is also noteworthy that no other component rather than the drug, amorphous acrylic polymer, and solvents were present in the system. Then, it can be concluded that inclusions observed through the thickness of the adhesive layer absolutely contain estradiol crystals.
The solvent system of the used adhesive was comprised of isopropanol (44% w/w, bp=82°C), heptane (34% w/w, bp= 98°C), ethyl acetate (15% w/w, bp=77°C), toluene (7% w/w, bp=110-111°C) and 2,4-pentanedione (1% w/w, bp=140.4°C). The prepared formulations were dried at room temperature and consecutively at 65°C in a forced air convection oven until achieving constant weight as described in the section under experimentals. Estradiol solubility in this specific adhesive matrix can be estimated using the linear free-energy relationship formalisms previously developed by Foreman et al. as:
where; P poly and P oct are polymer/water and octanol/water partition coefficients of the drug, respectively which can be found in the literature. m p and b p are constants usually determined by regression analysis. Estradiol solubility in Duro-Tak 87-2196 can be calculated based on this empirical model to be nearly 3.04% w/w assuming 4.01 for Log 10 of the estradiol partition coefficient between octanol and water and 3.9 mg/L for its saturated solubility in water (16) . No crystallization was expected based on these preliminary data hence, the observed crystallization for different samples (Fig. 4) can be attributed to the drying procedure. During the drying process, first, a dried superficial layer is formed at ambient temperature which is more viscous and inhibits solvent molecules from free diffusion to the matrix exterior. Then, estradiol molecules dissolved in the solvent system; accumulate under the superficial layer leading to formation of regions or domains with higher estradiol concentrations that will be supersaturated during the drying process. Then, spontaneous crystallization just below the initially dried superficial adhesive layer occurs. As the value for surface to volume ratio for 45 μm samples is 33% and 50% more than the similar value for 60 and 90 μm samples, respectively, it can be postulated that in 45 μm thickness samples a rapid drying process will be occurred leading to lower crystalline percent with more discontinuity.
Acrylate-vinyl acetate copolymers with large side-groups are amorphous polymers which negates any chance for their crystallization. Then, the relatively large surface area of the inclusions observed (especially for the thicker samples) may be attributed to the polymer inclusion into estradiol crystalline structure or an interaction between estradiol and the adhesive. However, inclusion of the polymer into the crystalline structure of estradiol is not probable which can be confirmed using the findings of Latsch also Iervolino (10,17). Latsch et al., investigating of estradiol hemihydrate crystallization by X-ray powder diffraction, could not detect any evidence that the amorphous acrylate-vinyl acetate copolymer matrix had an effect on the crystal structure (10) . Also, according to the findings reported by Iervolino et al., the polymer molecules cannot become included into the Ibuprofen crystals due to their incompatibility in size (17) . Evidences on the occurrence of transesterification reaction between estradiol and acrylic adhesive have been investigated (15) . Also, hydrogen bonding between hydroxyl groups of estradiol and carbonyl groups of the acrylatevinyl acetate copolymer is possible. Hydrogen bonds have been shown to drive molecular associations that lead to crystalline or non-crystalline solids due to their strength and directionality (18) . Hydrogen bonding can change the morphology of drug crystals if the degree of polymer adsorption at different crystal sides is different (19) . It can be concluded that the large surface area of the inclusions through the adhesive layer thickness may be related to a transesterification or hydrogen bonding between the drug and adhesive polymer.
There are four different crystal forms of estradiol, two of which are solvated and the other two are anhydrous (20) . It may seem that formation of the solvated forms of estradiol including estradiol hemihydrate occurs in aqueous solutions. However, the most characteristic property of estradiol is its tendency to adopt the hemihydrated form, which it precipitates in this state, not only from partially aqueous solutions, but also from ethyl acetate, chloroform, absolute ethanol, and other anhydrous solvents (11) . It has been demonstrated that water is selectively incorporated into the lattice when estradiol crystallizes from solution and the presence of water molecules is a crucial requirement for the crystallographic stability of estradiol (21) . Different studies on the crystallization of estradiol (8, 20) and estradiol hemihydrate (10) have proved formation of estradiol hemihydrate in acrylic adhesives. Estradiol (Fig. 1) has two hydroxyl groups capable of forming hydrogen bonds with acrylate-vinyl acetate copolymer. However, the inclusions observed by ordinary microscopy in Fig. 4 can be more related to the transesterification reaction or hydrogen bonds formation between estradiol hemihydrate and adhesive polymer. Estradiol hemihydrate can exist as a tetra-functional agent (Fig. 2 ) which acts as a strong physical or chemical cross-linker in both cases of hydrogen bonding or transesterification interactions, respectively. Investigation of all micrographs (for samples different in loading and thickness) shows that the ratio of crystalline regions to the total surface area of adhesive layer is increased with increasing in the adhesive layer thickness. Also, crystallization is increased with increasing of estradiol content. The increasing of crystalline regions proportion with thickness can be attributed to a longer nucleation time available for thicker samples. Drying of the thicker samples is completed in a longer period of time which leads to the formation of more supersaturated regions in the adhesive layer due to solvent migration. Referring to Zang et al. report on the simulation of crystal growth in an adhesive matrix (14) , the crystals are smaller at lower temperatures. As surface evaporation of solvents leads to a severe drop in surface temperature, the temperature is lower just beneath the superficial layer in thicker samples. Then, It is expected that in thicker samples smaller crystals with more interaction surface with the adhesive to be formed. Some of the crystallization results which can be confirmed by study of the release curves:
1. No significant increase (p≤0.172 for 1.1% loading and p≤0.23 for 1.6% loading) in the burst release was observed with increasing of thickness from 45 to 60 μm which can be related to a severe increase in the area of crystalline regions. It should also be noted that the presence of crystalline regions decrease the drug concentration in the dissolved state throughout the matrix. 2. It was also shown that changing drug loading from 1.1% to 1.6% (w/w) had no statistically significant (p≤0.57, 0.14, and 0.268 for 45, 60, and 90 μm samples, respectively) effect on the amount of drug released at burst phase in all thicknesses which can be attributed to no severe changes in crystallization regions. 3. More precise consideration of the burst release results elucidates that the amount of drug released initially (after 0.5 h) for 60 μm samples at 1.1% (w/w) of estradiol loading was largely higher than what obtained for 1.6% (w/w) samples i.e., 130.18 vs. 79.75 μg which can be attributed to positioning of estradiol crystalline region near the releasing surface of the 1.6% (w/w) samples. 4. There was no significant difference between the amount of estradiol released initially (after 0.5 h) from 60 and 90 μm samples with the same content of estradiol (1.1% w/w). This can be mainly due to more discontinuity in the crystalline regions in the 60 μm samples which leads to higher surface area of the crystalline regions and more drug migration toward the surface. At the late times, release rate was increased for all of the samples with increasing of the thickness and drug loading (Table II) that can be attributed to the disappearance of the observed crystalline regions.
CONCLUSIONS
This study showed that on the basis of theoretical prediction of drug solubility in the adhesive polymer, it cannot be concluded that the product will be really devoid of crystals. A major increase in the crystallization degree and continuity was observed beyond the thickness of 45 μm. It can be concluded that there is a critical point of thickness about this and less amount of crystallization inhibitor is required if the adhesive thickness is about 45 μm. No significant increase was observed in the burst release with increasing in thickness from 45 to 60 μm which can be assigned to the severe increase in the area of crystalline regions. Also, formation of a crystalline layer near the releasing surface and more discontinuous pattern of the crystals in some samples was confirmed by investigation of the drug release curves.
